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Abstract

Optimal right ventricular (RV) function in pulmonary
hypertension (PH) requires structural and functional coupling
between the RV cardiomyocyte and its adjacent capillary network.
Prior investigations have indicated that RV vascular rarefaction
occurs in PH, which could contribute to RV failure by reduced
delivery of oxygen or other metabolic substrates. However, it

has not been determined if rarefaction results from relative
underproliferation in the setting of tissue hypertrophy or from
actual loss of vessels. It is also unknown if rarefaction results in
inadequate substrate delivery to the RV tissue. In the present

study, PH was induced in rats by SU5416-hypoxia-normoxia
exposure. The vasculature in the RV free wall was assessed using
stereology. Steady-state metabolomics of the RV tissue was
performed by mass spectrometry. Complementary studies were
performed in hypoxia-exposed mice and rats. Rats with severe PH
had evidence of RV failure by decreased cardiac output and systemic
hypotension. By stereology, there was significant RV hypertrophy
and increased total vascular length in the RV free wall in close
proportion, with evidence of vessel proliferation but no evidence of
endothelial cell apoptosis. There was a modest increase in the radius
of tissue served per vessel, with decreased arterial delivery of
metabolic substrates. Metabolomics revealed major metabolic
alterations and metabolic reprogramming; however, metabolic
substrate delivery was functionally preserved, without evidence of

either tissue hypoxia or depletion of key metabolic substrates.
Hypoxia-treated rats and mice had similar but milder alterations.
There is significant homeostatic vascular adaptation in the right
ventricle of rodents with PH.

Keywords: pulmonary hypertension; right ventricle; angiogenesis;
metabolism

Clinical Relevance

A major determinant of pulmonary hypertension (PH)
outcome is right ventricle (RV) function, with some patients
adapting well and others progressing to rapid failure despite
similar PH severity. Using a measurement approach called
stereology, we found rodents with severe PH have significant
augmentation of the vascular network in the RV tissue bed,
in close proportion to the degree of hypertrophy, which
maintains adequate oxygen, glucose, and other metabolic
substrate delivery. There was, however, significant RV
metabolic reprogramming, consistent with prior reports in PH.
These data suggest that there is significant adaptation of the RV
vascular network in PH, and the RV metabolic reprogramming
may result from intrinsic changes within the cardiomyocytes,
rather than substrate deprivation.
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Right ventricular (RV) failure is the primary
cause of death in patients with pulmonary
hypertension (PH), but determinants of RV
adaptation versus failure are unclear. The
manner in which the right ventricle
responds in PH is variable, with some
individuals progressing toward RV failure
and death, whereas others with similar PH
severity adapt their RV function more
effectively. A prominent example is patients
with Eisenmenger’s syndrome living
decades longer than others with similar PH
severity (1-4), likely resulting at least in
part from better RV adaptation (5). The
mechanisms underlying RV adaptation to
PH remain unclear.

Prior studies of RV specimens have
identified decreased capillary density in
humans with PH and animals with
experimental PH (6-18), which has
generally been believed to result from vessel
loss or dropout. However, reduced vessel
density could alternatively result from RV
hypertrophy with relatively inadequate
angiogenesis. As a consequence of
decreased RV vessel density, there could be
impaired delivery of oxygen and other
metabolic substrates to the RV tissue, which
could contribute to cardiac failure (19). In
the left ventricle (LV), impaired cardiac
angiogenesis precipitates heart failure after
aortic banding or induced hypertrophy, but
by unclear mechanisms (20, 21). Decreased
substrate delivery resulting from RV
vascular rarefaction has not been tested
experimentally.

We sought to characterize the RV
vascular response to PH using design-based
stereology, which takes into consideration
the absolute tissue volume. This approach
allows the quantification of both vascular
density relative to the tissue volume and
assessment of absolute vascular length in the
tissue bed. We primarily used the SU5416-
hypoxia-normoxia rat model, which results
in progressive PH and RV failure. We found
rodents with this experimental PH had
a significant increase in absolute RV
vascular length, which was in close
correlation with but slightly less than the
degree of hypertrophy, resulting in relative
vascular rarefaction. When coupled with
observations of significant RV angiogenesis
and no evidence of vessel apoptosis, we
interpret RV rarefaction as resulting
from underproliferation in the setting
of hypertrophy. By complementary
metabolomic analysis of the RV tissue, we
found extensive metabolic reprogramming in
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the RV tissue but no evidence of inadequate
oxygen or other metabolic substrate delivery.

Methods

Animal Models

All animal experiments were approved by
the University of Colorado Institutional
Animal Care and Use Committee. Female
Sprague-Daley rats (Taconic Biosciences)
6-8 weeks of age received subcutaneous
20 mg/kg SU5416 (Tocris Bioscience)
dissolved in carboxymethylcellulose (CMC)
and then diluted in 1:1 with PBS, or the
equivalent volume of vehicle alone, and
then hypobaric normoxia (equivalent
altitude of 5,500 m, or 10% Fig) for

21 days’ duration or adjacent ambient
chambers, followed by ambient air for an
additional 2 or 5 weeks. At the conclusion
of the experiment, the rats underwent
terminal RV catheterization under
anesthesia with inhaled isoflurane with
placement of a Millar catheter into the
jugular vein and advanced into the

right ventricle, followed by RV tissue
collection. Some of the animals were given
intraperitoneal injection with 60 mg/kg
pimonidazole hydrochloride (Hypoxyprobe;
NPI) 1 hour before being killed. At the
time of heart catheterization, some of

the animals received 300 pl of 10-pwm
fluorescent beads (Invitrogen) injected into
the LV for quantification of regional tissue
perfusion. We also exposed female C57BL6/J
mice (The Jackson Laboratory) at 6 weeks of
age to 10% Fip, for 7 days’” duration or
Schistosoma mansoni eggs, compared with
untreated control mice. Further details are
provided in the Supplemental Methods
section of the data supplement.

Tissue Analysis

The tissue-processing approach is shown in
Figure El in the data supplement. Rat RV
free wall tissue volume was determined by
water displacement. Mouse RV free wall
tissue volume was determined by dividing
RV mass by cardiac tissue density (1.06
g/cm?® as previously reported [22], and
similar to that calculated for a human
specimen) (Figure E2). The RV tissue
stereology approach is described in the
Supplemental Methods section of the data
supplement and shown in Figure E1C.
Formalin-fixed, paraffin-embedded sections
were stained using the reagents and
protocols in Table E1, and snap-frozen

tissue was homogenized and probed by
Western blotting using the reagents and
protocols reported in Table E2. Metabolite
analysis was performed on snap-frozen
samples of rat and mouse RV tissue by
mass spectrometry, as previously reported
(23); further details are described in the
Supplemental Methods section of the data
supplement. Arterial blood metabolites
were quantified using the approaches
reported in Table E3.

Results

We challenged rats with the vascular
endothelial growth factor (VEGF) receptor 2
inhibitor SU5416 in combination with
3 weeks of hypoxia, followed by an
additional 5 weeks of normoxia (abbreviated
SU-Hx+5; diagrammed in Figure 1A), as
previously reported (24). It has been
described that the PH phenotype continues
to progress for up to 10 weeks of normoxia
(25); however, at Denver elevation
(1,600 m; equivalent to 19% Fip, at sea
level), we observed mortality in this model
starting at 5 weeks after reexposure to
normoxia. PH animals were compared with
vehicle (CMC)-treated animals maintained
in normoxia for the same duration
of time (abbreviated CMC-Nx+5). RV
catheterization revealed a significantly
higher pressure in the diseased animals
(Figure E3A), although 3 of the 14 animals
died of hemodynamic instability during RV
catheterization. Furthermore, we observed
that cardiac output and systemic blood
pressure were decreased, RV systolic and
diastolic chamber volumes were increased,
and there was an increase in arterial blood
lactate in the diseased rats (Figures E3B-E3F).
These results were consistent with significant
cardiac failure in end-stage PH.

The RV free wall was resected,
and the absolute volume of the tissue
was determined by water displacement
(Archimedes’ principle) (Figure E1A). We
observed that there was a significant increase
in the RV free wall volume in the diseased
rats compared with control rats (Figure 1B),
consistent with RV hypertrophy. We then
measured the absolute length of the
vasculature in the RV free wall (largely
represented by capillaries) by stereology (26)
(Figures E1B and E1C). We observed a
significant increase in the absolute vascular
length in the diseased animals compared
with the control animals (Figure 1C). There
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Figure 1. Rats with severe SU5416-hypoxia (SU-Hx)-induced pulmonary hypertension (PH) have a significant increase in total right ventricular (RV)
vascular length, which correlates with an increase in RV volume. (A) Schematic of models. (B) RV free wall absolute volume (n = 14-15/group; rank-sum
test). (C) RV free wall absolute vascular length (n = 14/group; rank-sum test). (D) Correlation of RV volume and vascular length (linear regression;
n=14/group). (E) Radius of RV tissue served per vessel (n = 14/group; rank-sum test). B, C, and E show mean * SD plotted values. ***P < 0.005;
P < 0.001. CMC = carboxymethylcellulose; CMC-Nx+2 = carboxymethylcellulose and 5 total weeks of normoxia; CMC-Nx+5 = carboxymethylcellulose
and 8 total weeks of normoxia; Nx = normoxia; sc CMC = subcutaneous carboxymethylcellulose; sc SU5416 = subcutaneous SU5416; SU-Hx+2 = SU5416
with 3 weeks of hypoxia and 2 weeks of normoxia; SU-Hx+5 = SU5416 with 3 weeks of hypoxia and 5 weeks of normoxia.

was a tight correlation between absolute RV
volume and absolute RV vascular length
(R*=0.931; P < 0.001) (Figure 1D), consistent
with adaptation of the vasculature in the
setting of RV hypertrophy.

We calculated the average radius of
cross-sectional RV tissue served per vessel as
a quantitative measure of the minimum
distance for oxygen and other metabolites
to diffuse from cardiac capillaries to
cardiomyocytes. We observed that this
effective diffusion radius was modestly but
significantly greater in the diseased animals,
increasing from 12.6 pm (median; 12.2-13.1
interquartile range) in the control animals to
14.1 pm (13.1-14.9) in the PH animals, an
increase of 1.5 wm (P =0.004 by rank-sum
test) (Figure 1E).

To broaden the scope of our studies, we
compared three additional groups of rats
with experimental PH versus appropriate
controls: 1) SU5416-hypoxia-normoxia at
an earlier, more compensated time point
(at 2 weeks after reexposure to normoxia,
designated SU-Hx+2); 2) vehicle treatment

followed by hypoxia for 3 weeks and then
2 weeks of normoxia (designated CMC-
Hx+2); 3) SU5416 treatment followed by
normoxia for the same total of 5 weeks
(designated SU-Nx+2); and 4) vehicle
treatment alone for the same total period
of time (designated CMC-Nx+2). We
observed that both the SU-Hx+2 and
CMC-Hx+2 experimental groups had
significant increases in RV volume and
RV vascular length (Figure E4), but only
the SU-Hx+2 group had a significant
increase in the radius of tissue served per
vessel. Interestingly, the radius in the
normotensive control animals (i.e., with
normal RV function and structure) also
increased because the animals were 3 weeks
older (comparing the CMC-Nx+2 with the
CMC-Nx+5 groups), to a degree similar to
that induced by SU-Hx exposure at either
time point. The SU-Nx+2 animals did not
have a significant phenotype, with a mild
but nonsignificant increase in RV pressures
and no evidence of RV hypertrophy or RV
vascular augmentation.

Graham, Kumar, Mickael, et al.: RV Vascular Adaptation in PH

Having identified an increase in total
RV vascular length in the SU5416-hypoxia-
normoxia (SU-Hx-Nx) rats, consistent with
angiogenesis, we sought evidence of vascular
proliferation. We observed that at the earlier
time point (in the SU-Hx+2 group), there
was a significant increase in endothelial
cell nuclear profiles that costained for
proliferating cell nuclear antigen;
endothelial cell proliferation subsequently
decreased in animals at the later time point
(the SU-Hx+5 group) (Figures 2A and 2B).
We also sought to identify if there was
evidence of apoptosis in the RV tissue,
which could result in vascular “dropout” or
rarefaction, using TUNEL staining, but we
found no evidence of apoptosis in the RV
tissue at either the early or the late time
points (Figures 2C and 2D). We quantified
the expression of VEGF, which is the
prototypical driver of angiogenesis,
particularly when triggered by regional
hypoxia. However, we observed no change
in VEGF expression in the RV tissue of the
diseased rats (Figure ES5).
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Figure 2. RV endothelial cells are proliferating in SU-Hx rats, and there is no evidence of apoptosis. (A) Representative images of CMC-Nx+2 and
SU-Hx+2 rat RV tissue immunostained for lectin and proliferating cell nuclear antigen (PCNA; n = 5/group; white arrowheads mark PCNA™

endothelial cells; scale bars =50 pm). (B) Quantification of the volume fraction of endothelial cell nuclei that are also PCNA positive (n = 5/group;

mean = SD plotted; ANOVA with post hoc Tukey test). (C) Representative images of CMC-Nx+2 and SU-Hx+2 rat RV tissue stained by TUNEL assay,
with a DNase-treated specimen shown as a positive control (n = 5/group; scale bars = 50 um). (D) Quantification of volume fraction of all RV nuclei that are
also TUNEL positive (n = 5/group; mean = SD plotted; ANOVA P =NS). *P < 0.05; ***P < 0.001. NS = not significant.

Perfusion of the RV free wall was
determined by multiplying total cardiac
output by the fraction of cardiac output
delivered to the right ventricle, measured by
quantifying the fraction of microspheres
injected into the left ventricular cavity that
deposited into the RV tissue bed. As noted
above, total cardiac output was decreased in the
rats with severe, end-stage PH (Figure E3B).
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We observed that total perfusion of the RV
free wall was similar between the control and
diseased animals (Figure 3A), but after
correcting for RV hypertrophy, calculated
perfusion per cubic micrometer of RV tissue
was significantly less in the diseased animals
(Figure 3B). These results are consistent with
the multiplicative product of decreased
cardiac output and vascular rarefaction.

We then calculated the arterial delivery
of glucose and free fatty acids to the RV
tissue bed by measuring the concentration of
these metabolites in arterial blood (Figures
E6A and E6B) and multiplying the
concentrations by RV tissue perfusion. We
observed that delivery of free fatty acids per
unit volume of RV tissue was significantly
decreased, and there was a strong trend

American Journal of Respiratory Cell and Molecular Biology Volume 59 Number 4 | October 2018
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Figure 3. Rats with severe SU-Hx-induced pulmonary hypertension have less RV tissue perfusion and metabolite delivery when corrected for
hypertrophy. (A) Total RV free wall perfusion and (B) RV perfusion per unit volume of tissue, calculated by multiplying absolute cardiac output by the
fraction of microbeads administered via the left ventricle that deposited in the right ventricle free wall (n = 6/group; t test). (C and D) Arterial blood delivery
of (C) glucose and (D) free fatty acids to the right ventricle free wall tissue bed, calculated by multiplying arterial blood metabolite content by perfusion
(n=5-6/group; t test; mean = SD plotted). “P < 0.05; **P < 0.01. FA =fatty acids.

(P =0.0508) toward decreased glucose
delivery as well in animals with severe PH
as compared with the control animals
(Figures 3C and 3D). We also assessed the
concentrations and delivery of glutamine
and glutamate (alternative metabolic substrates,
which may have increased uptake into the PH
right ventricle [27]), and we found that the
delivery of these two amino acids to the RV
free wall was also decreased (Figures E6GC-E6F).
These findings are consistent with the
assessments of RV blood flow outlined above.

We sought to determine if there was
evidence of functionally inadequate delivery
of oxygen to the RV tissue by assaying for
tissue-level hypoxia after pimonidazole
hydrochloride (Hypoxyprobe; NPI)
administration. Pimonidazole is highly
diffusible and forms adducts in settings of
local Po, less than or equal to 10 mm Hg
(28). Using as a positive control the hypoxia
present in the center of murine peri-
Schistosoma egg granulomas (Figure E7),
which we had previously observed by
immunohistochemistry (29), we did not
find significant pimonidazole binding in
RV tissue from either control or PH rats by
immunostaining (Figure 4). In the few RV
specimens that had positive signal, the
intensity was relatively homogeneous. We
also did not find differences in pimonidazole
binding by Western blotting at the later
time point (Figure E8).

We then sought to determine if there
was evidence of functionally inadequate
delivery of other metabolic substrates to the
RV tissue by steady-state metabolomic
analysis using mass spectrometry on
SU-Hx+5 and CMC-Nx+5 right ventricle
specimens. Overall, we observed major
differences in the RV content of many
metabolites between the diseased and
control tissues, with separation into two
distinct groups by principal component
analysis (Figures 5A and 5B). Metabolomic
network pathway analysis was performed
to identify pathways that were altered
in the diseased RV tissue (graphical
representation in Figure E9, with the list of
pathways given in Table E4). Notably, the
major metabolic changes included pathways
and specific increases in markers of
protein/amino acid catabolism (including
citrulline, proline, hydroxyproline, and
guanidinoacetate) in the PH group
compared with the control group (Figure
E10A). There was also an increase in the
ratio of glutathione relative to glutathione
disulfide, indicative of increased use of the
pentose phosphate pathway, and a decrease
in y-glutamyl peptide concentration
indicative of increased y-glutamyl cycle
activity—both findings indicative of
upregulated protective mechanisms against
oxidant damage (Figure E10B). The
trichloroacetic acid (TCA) cycle was also

Graham, Kumar, Mickael, et al.: RV Vascular Adaptation in PH

altered in the diseased tissue, and specifically
we found decreases in the carboxylic acids
a-ketoglutaric acid and malate, indicating
citric acid cycle intermediate depletion, and
the total adenylate pool (ATP, ADP, AMP)
was also decreased, all consistent with a
deregulation of mitochondrial metabolism
(Figure E11; the full rat RV metabolomics
dataset is provided in Table E5).

Despite these significant metabolic
changes, we did not find evidence of
substrate depletion when we focused on
metabolic substrates in particular—the
most proximate metabolites that feed
downstream metabolic pathways. There
was no change between the two groups
in the concentration of glucose or
pyruvate, and there was no significant
increase in lactate production, which
would be predicted to occur if the RV
cardiomyocytes were hypoxic (Figures
5C-5E). There was also no evidence of
hydroxybutyrate depletion, a ketone body
deriving from lipid oxidation (Figure 5F).
Finally, we also did not observe significant
decreases in the RV content of glutamine or
glutamate, amino acids that can replenish
the citric acid cycle (anaplerosis)

(Figure 5G). None of these substrate
concentrations had a trend toward a
difference between the two groups, because
all ¢ test P values comparing the PH and
control groups were greater than 0.20.
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intraperitoneal hypoxyprobe before being killed (scale bars =100 wm). (B) Quantification by volume density using stereology (n = 4-9/group;

mean * SD plotted).

We sought to confirm our findings
using another rodent model of PH,
hypoxia-exposed mice. We used the 7-day
time point, as previously described by Kolb
and colleagues (30). We reproduced these
results, observing increases in both RV
volume and total RV vascular length, which
significantly and closely correlated with
each other (Figures 6A-6C). There was no
significant change in the radius of tissue
served per vessel with this milder model of
PH (Figure 6D). There was an increase in
proliferating cell nuclear antigen-positive
endothelial cells (Figure 6E), confirming
the report of increased Ki-67-positive
endothelial cells by flow cytometry (30),
without evidence of apoptosis in murine
RV tissue (Figure 6F). As in the rat model,
steady-state RV content of key metabolic
substrates, including glucose, pyruvate,
lactate, glutamine, and glutamate, was not
altered in the mice with hypoxia-induced
PH compared with control mice (Figures
6G-6]); hydroxybutyrate was not detected.
There was also substantially less derangement
of downstream substrate use (Figure E12).

We also analyzed a second mouse
model of PH, triggered by S. mansoni,
which we had previously developed (29,
31). In this model of PH, however, we did
not find a significant change in RV volume,
and there was no evidence of vascular
adaptation (Figures E13A-E13E).
Schistosoma-exposed mice also had no
evidence of substrate depletion, although
there was an increase in RV lactate
content (Figures E13F-E13I). Interestingly,
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there was an increase in ATP and other
metabolites in the RV tissue, consistent
with a well-functioning right ventricle
(Figure E14; the full RV metabolomics
dataset for hypoxia and Schistosoma-PH
mice is provided in Table E6).

Discussion

We performed rigorous stereologic analysis
of the vasculature in the RV free wall tissue
of rats with severe experimental PH induced
by SU-Hx-Nx exposure. We observed
significant and tightly correlated increases in
both the volume of the tissue bed and the
absolute length of the vascular network (3.0-
fold and 2.8-fold increases, respectively,

in the SU-Hx+5 animals compared with
the CMC-Nx+5 controls). The increased
vascular length was the result of significant
endothelial cell proliferation, consistent
with angiogenesis.

Rarefaction of the right ventricle
vascular network has been described in
human PH specimens and models of PH
(6-18). We found that the slightly smaller
fold change in vascular length as compared
with the degree of RV hypertrophy resulted
in a modest but statistically significant
decrease in vascular density, with a 1.5-pm
increase in the radius of tissue served per
vessel. This rarefaction likely resulted from
underproliferation rather than vessel loss
or dropout, because no apoptosis was
observed. This degree of rarefaction is
similar to that observed in end-stage

human tissue specimens, which we recently
reported to be 2.5 wm using similar
techniques (18). Of note, the 2.8-fold
increase in absolute vascular length in the
rats with experimental PH observed in the
present study was greater than the 1.9-fold
greater absolute vascular length in the
diseased human specimens than in the
control human specimens, suggesting that
rat right ventricles with this shorter disease
course may have a greater capacity for
adaptation than human right ventricles in
chronic PH. The key RV stereologic parameters
obtained from previously analyzed human
specimens (18) and the rat and mouse
experimental PH models used in the present
study are summarized in Table E7.

The diffusion distance of oxygen in
tissue is less than or equal to 170 pm (32),
making it unlikely that the 1.5- to 2.5-um
degree of rarefaction results in ischemia.
Indeed, we did not detect evidence of
tissue-level hypoxia, observing no change in
pimonidazole (Hypoxyprobe; NPI) binding.
Pimonidazole has potential limitations
as a probe for tissue hypoxia. It can
undergo oxidative metabolism, resulting in
nonbinding derivatives that are excreted,
which could result in a falsely decreased
signal (28). Furthermore, the local Po,,
which regulates pimonidazole adduct
formation, reflects both O, delivery by the
circulation and O, consumption, such as by
mitochondrial respiration: Parallel changes
in both delivery and consumption could
result in an incorrect interpretation of the
pimonidazole binding signal. However, the
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Figure 5. Despite major changes in the overall RV metabolic state assessed by metabolomics, key metabolic substrates are not depleted in the RVs of
SU-Hx+5 rats compared with CMC-Nx+5 rats. (A) Graphical depiction of right ventricular metabolite content in the two groups (n = 6/group). (B) Principal
component (PC) analysis of the CMC-Nx+5 and SU-Hx+5 groups. (C) Glucose. (D) Pyruvate. (E) Lactate. (F) Hydroxybutyrate, a ketone body. (G) The
amino acids glutamine and glutamate, alternative sources of carbon for anaplerosis. (N = 6/group; results in C-G are normalized to mean of CMC-Nx+5
group = 1; mean = SD plotted; ¢t test P =NS for all metabolic substrate comparisons in C-G.) 3D-PLS-DA = 3-dimensional partial least squares
discriminant analysis; PC1, 2, and 3 = principal components 1, 2, and 3; TCA = trichloroacetic acid.

absence of hypoxyprobe binding was of RV vascular rarefaction was comparable Although VEGEF is the prototypical
corroborated by no increase in VEGF to that resulting from 3 weeks of additional  driver of angiogenesis, the RV vascular
expression and no increase in lactate age in normotensive rats and could be adaptation observed in the present study
content in the diseased RV tissue, both related to increases in pulmonary pressure is likely driven by a VEGF-independent
of which would be expected if there was with age such as that seen in normal mechanism, because we observed no change
regional hypoxia. Interestingly, the degree ~ humans (33). in VEGF expression, similar to prior reports
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Figure 6. Mice with hypoxia-induced PH also have RV vascular adaptation, without evidence of depletion of key RV metabolic substrates. (A) RV volume
(n =8-13/group; mean = SD plotted; rank-sum test). (B) Total RV vascular length (n = 8-13/group; mean = SD plotted; t test). (C) Correlation of RV
volumes and total vascular length (linear regression; n = 8-13/group). (D) Radius of tissue served per vessel (n = 8-13/group; mean * SD plotted; t test P =
NS). (E) Quantification of fraction of endothelial cell (EC) nuclei that are also PCNA positive (n = 8/group; mean = SD plotted; rank-sum test P =NS).

(F) Quantification of fraction of all RV cell nuclei that are also TUNEL positive (n = 5/group; mean = SD plotted; rank-sum test P =NS). Content of
metabolites in RV tissue: (G) glucose; (H) pyruvate; (/) lactate; (J) the amino acids glutamine and glutamate (n = 5/group; results normalized to mean

of control group = 1; mean = SD plotted; t test P= NS for all except as shown). *P < 0.05. Control = Normoxia; Hypoxia =7 days hypoxia.

in monocrotaline-treated rats and
hypoxia-treated mice (13, 30). There
are undoubtedly paracrine cytokines
or chemokines or direct cell-cell
communication that links cardiomyocytes

486

with endothelial cells to maintain vascular
density homeostasis by molecular feedback
loops yet to be defined. We cannot exclude
a potential role for VEGF earlier in the

adaptation course, and VEGF could well be

important in RV vascular adaptation of
other models of PH. Alternative candidate
signaling molecules that could maintain
the tight structural coupling between
cardiomyocytes and capillaries include
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fibroblast and hepatocyte growth
factors, ephrins, angiopoietins, and
metabolites (19). Capillary growth requires
endothelial cell glycolysis mediated by
HIF-1a (hypoxia-inducible factor-1o)
stabilization and expression of PFKFB3
(phosphofructokinase-2/fructose-2,6-
bisphosphatase 3) (34, 35); deletion of
endothelial cell HIF-1a expression blocks
left ventricular vascular adaptation after
aortic banding (20), and it may also be
critical for RV vascular adaptation. After
infarction, cardiac angiogenesis results
from clonal proliferation of endothelial cells
(36), although it is unclear if the same
mechanisms underlie angiogenesis in the
absence of frank ischemia.

We did observe major changes in
the concentrations of many metabolites in
the RV tissue from the three PH models
we analyzed (SU-Hx+5 rats, hypoxia-
PH mice, and Schistosoma-PH mice). Both
the rat and hypoxic mouse models had
dysregulation of TCA cycle intermediates,
which was more profound with the more
severe PH in the rat model; there were also
decreases in ATP, ADP, and AMP in the
rats. These data are consistent with a shift
to increased glycolysis rather than oxidative
phosphorylation, as has previously been
suggested by increased uptake of '*F-
fluorodeoxyglucose (37-40), which results
in less ATP production per mole of
substrate. The Schistosoma-PH model, with
a milder PH phenotype, however, had an
increase in several TCA cycle intermediates,
as well as an increase in RV ATP content,
suggestive of maintained or even
upregulated oxidative phosphorylation.
Our data suggest that this extensive
metabolic reprogramming is likely driven
by intrinsic alterations at the level of the
cardiomyocytes, such as triggered by
increased afterload and work, rather than
a consequence of a functional imbalance
between energetic demands and delivery
of oxygen or other metabolic substrates.
Although we did find reduced glucose, fatty
acid, glutamine, and glutamate delivery to

the RV tissue, resulting from decreased
cardiac output with RV failure compounded
by the reduction in vascular density observed,
in none of the models did we find evidence
of substrate depletion within the tissue
bed itself.

A current framework for considering
RV performance in PH is early adaptation
followed by late maladaptation (8, 19).
However, there are many structural and
functional characteristics that change
along the spectrum of adaptation to
maladaptation, and at any given point,
some aspects may be more compensated
and other aspects more decompensated,
rather than manifesting as a binary
transition. In early and mild PH, RV
homeostasis is maintained, including
cardiomyocyte hypertrophy and adaptation
of the vascular network to maintain its
function of metabolic delivery. As the
disease continues, homeostatic programs
will not be able to continue adapting
indefinitely, restricting further adaptation;
furthermore, new pathobiologic programs
will be activated that drive RV failure. In
the present study, in rats with severe PH
and failing right ventricles, we found
evidence of significant RV vascular
augmentation with a mildly reduced
density. We suggest that this near
maintenance of homeostasis should be
interpreted as more adapted than
maladapted along the spectrum. This
interpretation is supported by the
findings of increased RV capillary to
myocyte radius in older versus younger
normal rats.

We also found decreased metabolic
substrate delivery to the RV tissue bed,
which could be interpreted as the result of
the product of decreased cardiac output and
decreased vascular density. However, we
found no evidence that change in vascular
structure adversely affects RV function in
these animal models of PH, because there
was no evidence of substrate depletion or
tissue hypoxia. An interpretation of these
data is that the healthy RV tissue bed has a

functional reserve, resulting from basal
overcapacity in vascular density and
metabolite delivery; in disease, the
observed reduction in vascular density
and substrate delivery appears to be
within the functional reserve capacity of the
tissue.

Rather than vascular rarefaction and
decreased substrate delivery, a major driver
of RV maladaptation may be modifications
within the cardiomyocytes. Changes in
cardiomyocyte fatty acid metabolism result
in decreased fatty acid transport to the
mitochondria and reduced B-oxidation, as
well as in increased ceramides and lipid
droplet formation (41, 42); modifying fatty
acid metabolism directly with a peroxisome
proliferator-activated receptor-y agonist
may improve the RV phenotype (43).
Furthermore, intrinsic changes in the
RV cardiomyocyte contractile apparatus
have been described in patients with
scleroderma-associated pulmonary arterial
hypertension (44). The rapid recovery in
RV function starting immediately after
allograft placement in lung transplant for
PH (45) is too fast for changes in RV
structure, and it may be more consistent
with reversal of intrinsic cardiomyocyte
pathologies.

In summary, we observed that rats with
severe experimental PH have significant
augmentation of their RV vasculature in the
setting of RV hypertrophy. We did not find
evidence of functionally inadequate delivery
of oxygen or other metabolic substrates to
the RV tissue. These findings are consistent
with significant homeostatic vascular
adaptation. H
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